). Metal content of Klebsormidium-dominated (Chlorophyta) algal mats from acid mine drainage waters in southeastern Ohio. J. Torrey Bot. Soc. 128:226-233. 2001.-Mats of the green alga, Klebsormidium rivulare (Kuetz.) Morison et Sheath, were collected from five acid mine drainage (AMD) seeps and streams in southeastern Ohio on two separate occasions. In order to better understand the relationship of metals in algae, ambient water and soil samples, samples were analyzed for concentrations of aluminum, iron, zinc and manganese. For each of the tested metals, there was a significant difference among the concentrations in algal mats, water, and sediments. For aluminum, iron and manganese, the median concentration of metals in the algal samples was highest, but whether water or sediment had more, varied among metals. The median concentration of zinc in sediment was greatest followed by the algal samples and water. The median iron content of the algal samples and water were positively correlated but aluminum contents in the algal samples and water were negatively correlated. The metal accumulating capacity of algal mats from AMD generated by coal mining is similar to results obtained for algae from other types of mining operations. Results of this study suggest that snapshot studies of Klebsormidium-dominated algal mats may be a good indicator for iron concentration in water but not for content of aluminum, zinc or manganese. 
Acidic seeps and streams are prevalent throughout southeastern Ohio due to water pollution associated with mining practices (i.e., acid mine drainage; AMD). Waters affected by this pollution are characterized by low pH and high conductivity due to soluble metals (Parent and Campbell 1994) . In areas of extensive coal mining surrounding southeastern Ohio, aluminum, iron, manganese and zinc are typically found at elevated levels. Although low pH and high metal concentrations are restrictive to most aquatic life, conspicuous bright-green algal mats are often observed in these areas composed of filamentous taxa such as Klebsormidium, Microspora, Mougeotia, Ulothrix and Stigeoclonium species (Bennett 1969; Rai et al. 1981; Foster 1982) .
The sequestration of metals by filamentous algae has been previously studied in both field and laboratory research (e.g. Klebsormidium rivulare (Kuetz.) Morison et Sheath is often an abundant alga in AMD waters (Hargreaves and Whitton 1976a) . While this genus has been reported from habitats with pH from 2.5 to 6.9 and with severe to no metal pollution, K. rivulare appears to have optimal growth at pH 3.5 to 4.0, if metals are abundant (Hargreaves and Whitton 1976a, b; Say et al. 1977 ). In addition, much research has been conducted on zinc toxicity in this alga (Hargreaves and Whitton 1976b; Say et al. 1977; Whitton and Kelly 1995) . However, there has been little research on metals, such as aluminum, iron, and manganese. Therefore, the purpose of this study was to investigate the relationship of aluminum, iron, manganese, and zinc concentration in Klebsormidium-dominate algal mats, water, and sediments in acid mine drainage waters of southeastern Ohio. (Table 1) affected by AMD in southeastern Ohio were sampled in early autumn (September 23 to October 2, 1997) and again in late autumn (November 25 to December 3, 1997). Five replicate samples of algae were collected at each stream site, in addition to water and sediment samples. Physical and chemical parameters measured at each site included specific conductance, average current velocity, average depth and width, water temperature, and pH. Specific conductance, pH, and water temperature were measured using Corning checkmateTM meters. Surface current velocity was measured in three areas by recording the time taken for a bobber to travel 1 meter. Seep or stream width and depth were recorded and substrate type was noted.
Methods and Materials. Five sites
At each site, five replicate algal mat samples were collected. A 5% sub-sample of each algal mat sample was preserved in 2.5% calcium carbonate-buffered glutaraldehyde as a voucher specimen and for determination of algal taxa present using a compound microscope. The remaining algal sample was rinsed three times with distilled water and debris removed with forceps. Cleaned algal samples were vacuum filtered to remove excess water and spread on Whatman 542 filters to dry at 80 C for 24 to 36 h. The dried algal samples were peeled off the filter paper prior to ashing.
Each algal sample was partitioned into two parts because the aluminum had to be prepared in a different manner than the other metals. Approximately 1 g dried tissue was used for aluminum analysis and 2-3 g dried tissue for iron, manganese, and zinc analysis. The dried tissue for aluminum analysis was placed in a silica crucible and the other material in a porcelain crucible for ashing at 550 C for 5.5 h. After ashing, distilled water was added to each sample, before the addition of 2 ml concentrated HCI. The samples were swirled and evaporated on a hot plate. The samples were returned to the furnace for an additional hour at 500 C. The samples were removed from the furnace and allowed to cool before the addition of 2.5 ml 2 M nitric acid. Each sample was stirred, mixed by pipeting up and down until suspended and transferred to a borosilicate glass test tube and mixed with 10 ml distilled water.
Water samples were collected in acid-washed Nalgene bottles. At the stream site, the bottle was rinsed once with stream water before collecting the final sample. In order to stabilize the metals, 5 ml nitric acid was added to each sam- ple. Each water sample was thoroughly mixed and diluted as necessary for analysis. Sediment samples were collected last, so that the resulting turbidity would not affect other parameters measured. Sediment samples, approximately 10 cm deep, were collected with a hand trowel, placed in plastic bags and refrigerated. Sediment samples were dried on two Whatman 542 filters for at least two weeks. Sediments were pulverized, sieved through a 2mm mesh brass sieve and stored in brown paper bags in preparation for extraction.
For each sample, 5 g sediment was placed in a 125 ml Erlenmeyer flask and mixed with 50 ml Mehlich extracting solution (McCarthy 1997). Sediment samples were mixed for 5 min using an orbital shaker, filtered through Whatman 542 filters and dispensed into borosilicate glass test tubes. The extracted sediment samples were diluted with distilled water as necessary for analysis.
All prepared water, sediment, and algal samples were analyzed for aluminum, iron, manganese, and zinc content with a Varian Spectra AA 20 atomic absorption spectrophotometer. Flame emission was used only for aluminum samples.
All other elements were analyzed with atomic absorption (McCarthy 1997).
A general linear model (GLM) one-way analysis of variance (ANOVA) was conducted using NCSS (Hintze 1995) to test for significant interaction among sampling time, streams, and medium (algae, water, and sediments). To meet normality assumptions, all metal concentration data were log-transformed. In the model, the logl0 concentration for each metal was the variable tested with time and medium as fixed effects and the stream as a random effect. Following the one-way ANOVA, significant differences among levels were examined using The Bonferroni Multiple Comparison Procedure (Sokal and Rohlf 1995). In addition, Pearson product moment correlations were calculated among all seep/stream variables and metal concentrations (logl0-transformed data).
Results. All algal voucher specimens (one per mat) were examined to identify the mat composition. All algal mat samples were primarily composed of K. rivulare with this taxon comprising 95-100% of the algal biomass measured by percent cover. Other taxa found in the mats were the two unicellular algae, Euglena mutabilis and Chlamydomonas sp., and the filamentous Microspora sp. The washing technique removed most of the unicellular algae but the filamentous Microspora remained.
Even though all five seeps and streams were affected by AMD, they varied in physical and chemical characteristics (Table 1) . The mine seep into Trace Run, the mine seep into Snow Fork, Brush Fork, and the Snow Fork tributary had water with pH < 4.0 (Table 1) . The Monday Creek tributary water was also acidic (pH 4.7, 5.6), but had a greater pH than the other sites. In addition, specific conductance was relatively high at all sites, except the Monday Creek Tributary (Table 1 From the preliminary GLM statistical analysis, time was found not to be a significant factor structuring the data. Therefore, the data obtained from the two sampling periods were combined. For each of the metals tested (Table 2) , there was a significant (P < 0.00001) difference among media (algae, water, and sediments). Bonferroni comparisons showed significant (P < 0.05) differences among algae, water and sediment for each metal tested (Figs. la-d) . Aluminum and iron concentrations among the media showed a similar trend, but manganese and zinc concentrations did not vary in the same manner (Figs.  la-d) . Median concentration of aluminum (Fig.  la) in the algae (4,113 mg kg-' ) was significantly greater than the median sediment (106 mg kg-') and water concentration (24 mg L-1). Aluminum concentration in the algae was at least ten times greater than the water and sediment concentrations, except at the mine seep into Trace Run (Table 3) . Like aluminum concentration, the algae had a significantly greater median iron concentration (3,823 mg kg-') than either the median sediment (122 mg kg-') or water concentration (3.4 mg L-') (Fig. lb) . The median concentration of manganese (Fig. lc) was great- est in the algae (11 mg kg-') and was significantly greater than the median concentration in the sediment (0.9 mg kg-') or in the water (3.4 mg L-1). Unlike the aluminum and iron concentrations, the median concentration of manganese was greater in the water than in the sediments. Interestingly, manganese concentration varied considerably in the algae and sediment samples from Monday Creek tributary, but not in the algae or sediment samples from the other streams (Table 3) . Unlike the other metals, the zinc concentration was not greatest in the algal samples ( Significant correlations were shown in metal concentration among algae, water, and sediment and among different metal concentrations in algae. The concentrations of metals in the various media (algae, water and sediment) were not significantly correlated to pH. Aluminum concentrations (Fig. 2a) in algae and water were negatively correlated (r = -0.68, P < 0.001), whereas aluminum concentrations in the algae and sediment were positively correlated (r = 0.42, P < 0.05). Aluminum concentrations in water and sediment were negatively correlated (r = -0.70, P < 0.00 1). Iron concentration in the algae was positively correlated with that in water (r = 0.59, P < 0.001) (Fig. 2b) and in sediment (r = 0.40, P < 0.05). In addition, the concentration of iron in the water was positively correlated with that in sediment (r = 0.68, P < 0.01). For manganese and zinc, there were no significant correlations among media (algae, sediment and water). In the algae, the concentrations of aluminum and manganese (Fig. 2c) were positively correlated (r = 0.81, P < 0.001). Likewise, iron and zinc concentrations were positively correlated in algae (r = 0.33, P < 0.05) (Fig. 2d) .
Discussion. This field study has demonstrated that Klebsormidium-dominated algal mats from seeps and streams affected by coal mining may have significantly greater amounts of aluminum, iron, manganese and zinc relative to the ambient water and sediment concentrations suggesting accumulation of metals (Figs. la-d) . Likewise, other researchers have shown that algae from rivers affected by copper and lead mines accumulate iron and zinc several orders of magnitude greater than surrounding water concentrations (Foster 1982 George (1990) exposed Cladophora glomerata to 4 mg L-l zinc and after only 2 h the alga had sequestered most of the available zinc. In addition, it was concluded that most of the zinc was adsorbed rather than absorbed, due to the quick response. In this study, K. rivulare in a stream with a median zinc concentration of 2.4 mg L-l in the water accumulated much more zinc (42 mg kg-') probably due to a longer exposure period. Few studies have considered the possibility of sediment metal concentrations influencing metal concentrations in algae, but sediments may have an important relationship with algae. In a study of mercury, it was shown that sediments range widely in concentration but were not correlated to concentration in algae or water (Stokes et al. 1983 ). However, whether the algae obtained metals from the soil was not examined. In the present study, K. rivulare accumulated aluminum, iron, manganese, and zinc and the algal mat was often in direct contact with the sediments. However, whether the metals were sequestered solely from surrounding water or whether sediment contributed to the metal concentration of the algae is unknown. It is interesting that the algae contained more metal than the soils for all metals except zinc.
Sediments can act as a future source of dissolved metals in stream water (Kelly 1988) . In this study, there were low manganese levels and low zinc levels (for AMD) in the water (Vymazal 1995a). Theoretically, there is a greater potential for an increase in zinc concentration in the water than there is for increased manganese concentration because the sediments contained greater amounts of zinc than manganese. For both manganese and zinc, there was no correlation between concentration in the water and in the sediment. On the other hand, there appears to be a strong relationship between aluminum and iron concentrations in the water and sedi-ment. Aluminum concentrations between these two media are negatively correlated, while iron concentrations between these media are positively correlated. This may be due to the indirect entry of aluminum into the water by AMD (acid produced by AMD leaching aluminum present in the stream's substrate into the water) versus the continual input of iron into the water, which is produced directly from iron pyrite oxidation. Furthermore, there is more visible iron precipitation present in these streams than aluminum precipitate; perhaps iron concentrations in water and sediments are positively correlated because the system is simply saturated with iron.
Klebsormidium rivulare may be able to use several mechanisms to minimize toxic effects of metals, especially at zinc concentrations in the water below 60 or 100 mg L-1 (McLean 1975). Say et al. (1977) report that increased phosphate reduces zinc toxicity in this alga. This reduced toxicity could be indicative of an intracellular mechanism that binds zinc with phosphate in order to reduce its toxic effects. Furthermore, Klebsormidium is known to be a slime-producing alga (Kelly 1988 (Fig. 2b) . However, there was no significant correlation between zinc concentrations in algae and water similar to Foster's (1982) findings and contrary to other reports (Whitton et al. 1989 ; McHardy and George 1990). These conflicting results may be due to the relatively low concentration of zinc in the waters sampled in this study and the relatively high fraction of zinc in the streams studied by Whitton et al. (1989) . There was no correlation between manganese concentration in the algae and water, which may again be due to the relatively low concentration of this metal in all the samples.
Aluminum concentration in algae from acid mine drainage appears to be much understudied compared with manganese, zinc and other metals. Interestingly, there was a negative correlation in aluminum concentration between the algae and the water, with the concentration in water being much less than in the algae (Fig. 2a) . One possible explanation for the lack of correlative data and the negative correlation may be that the metal levels in the algae are reflective of the typical concentrations over a long period of time or "time-averages" as suggested by Foster (1982) and the water samples were just a "snap-shot."
This study has shown that K. rivulare accumulates metals, but further studies are needed to determine how this alga accumulates metals and whether metals are absorbed or adsorbed, especially for metals other than zinc. Future research could yield information on the "holding" capacity of K. rivulare for each metal that may be very good, based on the findings in this study. In addition, more study is needed to determine what percentage, if any, of metal in the alga was derived from its association with the sediments. Additional knowledge about this alga and its relationship with polluted waterways will reveal the usefulness of this alga as a biomonitor for specific metal pollution.
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